Callitrichine herpesvirus 3 (CalHV-3) was isolated from a B-cell lymphoma arising spontaneously in the New World primate Callithrix jacchus, the common marmoset. Partial genomic sequence analysis definitively identified CalHV-3 as a member of the Epstein-Barr virus (EBV)-related lymphocryptovirus (LCV) genus and extended the known host range of LCVs beyond humans and Old World nonhuman primates. We have now completed the first genomic sequence of an LCV infecting a New World primate by describing the unique short region, the major internal repeat, and a portion of the unique long region. This portion of the genome contains the putative latent origin of replication and 13 additional open reading frames (ORFs), 5 of which show no homology to any viral or cell genes. One of the novel genes, C5, is a positional homologue for the transformation-essential EBV gene EBNA-2. The marmoset LCV genome is also notable for the absence of viral interleukin-10 and small nonpolyadenylated RNA homologues. Marmoset LCV transcripts encoding putative latent infection nuclear proteins have a common leader sequence that is spliced from the major internal repeat in a manner similar to that of the EBV EBNA-LP, suggesting strong conservation of a common promoter and splicing of these latent infection mRNAs. An EBV LMP2A-like spliced transcript crossing the terminal repeats encodes a unique ORF, C7, with multiple transmembrane domains and tyrosine kinase phosphorylation sites functionally reminiscent of EBV LMP2A. However, the carboxy-terminal location of the candidate phosphotyrosine residues is more reminiscent of the Kaposi's sarcoma-associated herpesvirus K15 gene and provides potential evidence of an evolutionary transition from rhadinoviruses to lymphocryptoviruses. The unusual gene repertoire of the marmoset LCV differentiates ancestral viral genes likely present in an LCV progenitor from viral genes acquired later as primates and LCV coevolved, providing a defining point in the evolution of oncogenic LCVs.
Epstein-Barr virus (EBV) is the prototypical gamma-1 herpesvirus (Lymphocryptovirus genus). EBV infects most adult humans, persists asymptomatically for life, and is associated with a variety of human diseases, including infectious mononucleosis, B-cell malignancies, and epithelial cell malignancies (for a review, see reference 47). EBV encodes more than 85 genes, and understanding how this repertoire of viral genes contributes to successful EBV infection and associated human diseases is a fundamental component of EBV research. In vitro studies have been useful for characterizing many EBV genes, including latent infection genes associated with B-cell transformation and lytic infection genes involved in viral replication and assembly (for a review, see reference 28). However, for 30 to 40% of EBV genes, very little is known.
Studies of EBV-related herpesviruses can provide new insights by comparison to EBV and through new animal model systems to study EBV pathogenesis. Lymphocryptoviruses (LCVs) naturally infecting Old World primates are known to be biologically similar to EBV (for a review, see reference 66). LCV infection is ubiquitous in adult Old World nonhuman primates, and these animals harbor persistent LCV infection in their peripheral blood. Old World LCVs can immortalize B cells in tissue culture, and LCV infection is associated with tumorigenesis in vivo. We showed that Old World rhesus macaques could be used as an animal model for EBV infection, as experimental infection of naive rhesus macaques with rhesus LCV reproduced acute and persistent infection similar to EBV infection in humans (35) . The complete genome sequence of rhesus LCV was derived as a prototype for Old World LCVs, and the identical gene repertoire and high degree of amino acid homology (75%) provided genetic validation for the similarities between EBV and rhesus LCV infection (48) .
We recently identified the first EBV-related herpesvirus naturally infecting a New World primate (6) . This transforming virus, isolated from a spontaneous B-cell lymphoma (43) arising in a common marmoset (Callithrix jacchus), was formally named Callitrichine herpesvirus 3 as the third herpesvirus described naturally infecting a member of the Callitrichidae family of New World primates. Cloning and sequencing from 105 kb of viral DNA revealed colinear genome organization with other gammaherpesviruses and 60 open reading frame (ORFs) that were more closely related to EBV and other LCVs than any other herpesviruses.
Further studies demonstrated that persistent Callitrichine herpesvirus 3 infection was prevalent in two different marmoset colonies and that a closely related virus could be detected in squirrel monkeys (Saimiri scireus), a primate from the other major family of New World primates, Cebidae (6) . These studies clearly established Callitrichine herpesvirus 3 as a member of the LCV genus, herein referred to as the marmoset LCV, and demonstrated that the natural LCV host range includes humans and both Old and New World nonhuman primates.
The current study now completes the genome sequence for a prototypic New World LCV and provides an opportunity for a comparative analysis with the complete genome sequences of an Old World LCV (rhesus LCV), and the human LCV (EBV) to better understand the evolution of this oncogenic herpesvirus genus. All viruses in the LCV genus are capable of immortalizing B cells in vitro and are associated with persistent infection and B-cell lymphomagenesis in the natural host, indicating a strong biological selection for these properties throughout the evolution of this virus genus. These viruses most likely coevolved with their natural hosts, so that the Old World LCV evolved approximately 25 million years before EBV, whereas the New World LCV provides a glimpse of LCV evolution approximately 35 million years before the appearance of human LCV (20, 59) . Thus, it is not surprising to find that the rhesus LCV genome is more closely related to EBV and that the marmoset LCV genome is more divergent from EBV.
The similarities and dramatic differences between the marmoset LCV and the rhesus LCV and EBV can distinguish between the genetic strategies and biological properties that may be fundamental to this genus versus features that have been acquired later in evolution as the host species evolved. In this way, completion of the marmoset LCV genome, definition of the viral gene repertoire, and initial descriptions of the complex transcription patterns can provide a defining point in the evolution of this oncogenic, EBV-related herpesvirus genus.
MATERIALS AND METHODS
Viral DNA cloning and sequencing. Genomic DNA from the marmoset LCVinfected cell line CJ0149 (6) was partially digested with Sau3AI and cloned into the BamHI site of the Supercos I (Stratagene) vector. Viral DNA cosmids A10, D6, and D4 have been described previously (6) . The overlapping cosmid E4 and plasmid H5 were isolated from the same library to extend the genomic sequence. The nucleotide coordinates for each viral DNA clone are as follows: E4, from the terminal repeat (TR) to nucleotide (nt) 119700; H5, nt 119891 to 105765; D4, nt 106440 to 70700; D6, nt 75819 to 36591; and A10, nt 40053 to the TR. Cosmid clones were sequenced by shotgun cloning of random cosmid DNA fragments (2 to 4 kb) derived by sonication. Overlapping nucleotide sequences were aligned with Sequencher software (GeneCode, version 4.05).
Nucleotide and amino acid sequence analysis. The marmoset LCV gene repertoire was analyzed with MapDraw (DNAstar). ORFs encoding more than 150 amino acids or homologous to known genes were characterized further. Marmoset LCV ORFs were identified by Blast analysis, and amino acid homology of marmoset LCV ORFs to the EBV, Kaposi's sarcoma-associated herpesvirus, and herpesvirus saimiri counterparts was determined with MegAlign (DNAstar). Spliced genes were identified with Gene Finder software (http://dot.imgen.bcm.tmc .edu:9331/gene-finder/gf.html). Transmembrane domains and nuclear localization signals were predicted with the servers at http://sosui.proteome.bio.tuat-.ac.jp/sosuimenu0.html and http://psort.ims.u-tokyo.ac.jp/form2.html. Src homology-2 (SH2) domains were identified with the Scansite website (http://scansite.mit .edu), and the serine residues likely to be phosphorylated were mapped with the NetPhos 2.0 prediction server (http://www.cbs.dtu.dk/services/NetPhos).
RT-PCR analysis. Total RNA (2 g) isolated from the marmoset LCV-infected cell line CJ0149 (6) was treated with DNase I for 15 min at room temperature, denatured for 10 min at 65°C and hybridized with random hexamers (25 pmol) for 10 min at 65°C. cDNAs were generated with Superscript II reverse transcriptase (RT; Invitrogen) for 1 h at 37°C. PCR primers used for C7 and C0 to C5/C3/Orf39 amplifications were as follows: C7E2F (5Ј-TCCTGGC TTATTTTTGTGCC-3Ј) paired with C7E4R (5Ј-GTGGCAGCCAAAGGAAA ATA-3Ј) and C0E3F (5Ј-CGTGTACGCACAAGGAGAA-3Ј) paired with C5R (5Ј-AATCCGCCACCACAGTCTAC-3Ј), C3R (5Ј-AGATGTGCTTGAACGC TCTG-3Ј), or 39R (5Ј-CTTTTTCTGTATCCCGGCCT-3Ј).
Rapid amplification of cDNA ends (RACE) analyses were performed with the Smart Race cDNA amplification kit (Clontech). Reverse primers C7E4R and C7E2R (5Ј-AACACCAAAAACAAAACGGC-3Ј) were used for 5ЈRACE of the C7 transcript. Reverse primers C5R and C0E3R (5Ј-ATTCTCCTTGTGCGTA CACG-3Ј) were used for 5ЈRACE on the C5 transcript. Forward primers C7E2F and C7E4F (5Ј-TCGGTATCTGCATTTTTGGA-3Ј) were used for 3ЈRACE on the C7 transcript. PCR products were run on a 2% agarose gel and cloned into the TA vector (Invitrogen), and at least five clones from each PCR assay were sequenced. Northern blot analysis. Total RNA (1 to 20 g) isolated from marmoset LCV-infected CJ0149 cells (6) , rhesus LCV-infected LCL8664 cells (44) , or EBV-negative BJAB cells was separated by electrophoresis in a 1% formaldehyde-agarose gel. After transfer to a nylon membrane, RNA was hybridized with cosmid viral DNA that had been sheared and labeled with 32 P after priming with random hexamers. Recombinant human small nonpolyadenylated EBV-encoded RNAs (EBERs) were detected with the rhesus LCV cosmid CD1 (49) , and RNA from marmoset LCV-infected cells was hybridized with marmoset LCV cosmid DNAs labeled in parallel. Blots were hybridized at 68°C in QuikHyb solution (Stratagene) and washed twice for 15 min at 25°C in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% (wt/vol) sodium dodecyl sulfate (SDS) and then for 30 min at 60°C in 0.1ϫ SSC-0.1% (wt/vol) SDS.
Nucleotide sequence accession number. The complete nucleotide sequence of the marmoset LCV has been deposited in GenBank as an update of the previously reported sequence AF319782 (6) .
RESULTS
Completion of marmoset LCV sequence. The remaining 50 kb of marmoset LCV sequence was derived from overlapping cosmid and plasmid viral DNA clones. This sequence corresponds to approximately one third of the EBV genome (nucleotides 1 to 68000 of the B95-8 genome) containing the short unique region (U S ), the major internal repeat (IR1), and a small portion of the long unique region (U L ) (Fig. 1A) .
Most of the marmoset LCV U L , including 60 ORFs, was described previously (6) . The current data complete the marmoset LCV U L by identifying nine additional ORFs (Fig. 1B) . Seven of these ORFs (ORFs 58 to 64) had 20 to 52% amino acid homology to EBV lytic infection ORFs at a similar position in the EBV U L (Table 1) . Two additional marmoset LCV ORFs in the U L had no sequence homology to cell or viral genes present in the GenBank database. These are identified as C4 and C5 according to the previous nomenclature used to identify unique marmoset LCV genes (6) . C4 is a positional homologue of BHLF1, an EBV lytic infection gene of unknown function, and C5 is a positional homologue of the essential EBV transforming gene EBNA-2.
The marmoset LCV U S is approximately 10 kb long and predicted to encode three ORFs (Fig. 1B) . ORF65 is homologous to the EBV lytic gene BNRF1, with 41% amino acid homology. The other two ORFs had no sequence homology to cell or viral genes and are identified as C6 and C7.
Marmoset LCV U L : C5, a positional homologue for the essential EBV transforming gene EBNA-2. The C5 product is predicted to be a 420-amino-acid protein with a nuclear localization signal, indicating that C5 is likely to reside in the cell nucleus, similar to EBNA-2 (Fig. 2) . Despite no significant primary amino acid homology to EBNA-2, C5 had a cluster of acidic residues at the carboxy terminus, suggesting functional similarities to the EBNA-2 transcriptional transactivating domain (9) . A striking difference in C5 was the lack of a polyproline repeat region that was present in both the type 1 and type 2 EBNA-2s from EBV and rhesus LCV (7, 40, 69) . Thus, the polyproline repeat appears relatively late in LCV evolution, i.e., after the evolution of New World LCV.
The polyproline repeat is much shorter in the rhesus and baboon LCV than in EBV EBNA-2 (27, 20, and 40 proline residues, respectively) (40) , suggesting that the size of the polyproline repeat may be increasing in parallel with human evolution. The majority of the EBV EBNA-2 polyproline repeat can be deleted without adverse effects on EBNA-2 transcriptional transactivating and B-cell-immortalizing properties (67) , indicating that the polyproline repeat is not critical for EBNA-2's growth-transforming function. The role of the EBNA-2 polyproline repeat may be more subtle, providing some biological advantage for virus infection in vivo that is not apparent in tissue culture systems.
Marmoset LCV U S : C7, a highly spliced transcript across the terminal repeats. Computer-assisted analysis suggested the presence of a multiply spliced transcript in the marmoset LCV U S between the TR and the BNRF1 homologue ORF65. Initial RT-PCR analysis confirmed the expression of a transcript with three exons coding for multiple hydrophobic transmembrane domains. Six additional exons were identified by 3Ј RACE, and one additional exon was identified by 5Ј RACE. The 5Ј-most exon was located on the other side of the TR, similar to the EBV LMP2A and LMP2B transcripts (Fig. 1B) . However, in contrast to the EBV LMP2A and -2B first exons, located downstream and upstream of LMP1, respectively, this exon was located in a C1 intron.
Among six independent 5ЈRACE clones sequenced, the three longest clones started at the same 5Ј nucleotide, and there was a potential initiator methionine codon at nucleotide 94 of these RT-PCR products (Fig. 3A) . However, this site did not fit a consensus Kozak sequence for translational initiation, and no obvious promoter element was present immediately upstream. The amino acid sequence at the 5Ј end stayed in frame with the longest ORF, and additional 5Ј sequence or exons cannot be ruled out.
The longest ORF encoded a 413-amino-acid protein with no sequence homology to known cell or viral genes and was therefore identified as C7 (Fig. 3A) . Like LMP2, it had 12 transmembrane domains, but the putative C7 peptide sequence differed from LMP2 by a shorter amino terminus and a longer carboxy terminus. In addition, three of the five tyrosine residues in the C7 carboxy-terminal domain were predicted to be phosphorylated as Src homology-2 (SH2) domains ( Fig. 3A  and 3B ). This is reminiscent of the LMP2A amino terminus, which contains eight tyrosine residues with at least four SH2 domains and one immunoreceptor tyrosine-based activation motif (33) . EBV LMP2A can block signaling through the Bcell receptor by recruiting "Src family" tyrosine kinases (5, 12, 14, 15) . The presence of SH2 domains within the C7 cytoplasmic tail suggests that C7 might have a function similar to that of EBV LMP2A. However, the overall structure of C7 with SH2 domains in a longer carboxy terminus is more similar to the K15 membrane protein encoded by a highly spliced gene that is near the termini of the human rhadinovirus Kaposi's sarcoma-associated herpesvirus ( Fig. 3B) (8, 17) . Thus, C7 may represent lingering evidence of an evolutionary transition from rhadinoviruses to lymphocryptoviruses. Complete annotation of marmoset LCV ORFs and amino acid similarity with EBV, Kaposi's sarcoma-associated herpesvirus (KSHV), and herpesvirus saimiri (HVS) ORFs. Unique marmoset genes are in boldface.
C1 to ORF57 have been previously reported (6) , and ORF58 to C7 are newly reported in this article. Amino acid similarity was determined by using the following Genbank sequences: EBV B95.8 strain (NC001345) and Raji strain (M35547); KSHV, KSU75698; and HVS, NC_001350. ND, not determined; Ex, exon; R, rightward; L, leftward; CSF-1R, colony-stimulating factor 1 receptor; DHFR, dihydrofolate reductase; MIP, macrophage inflammatory peptide; IRF, interferon regulatory factor; CalHV-3, Callithricine herpesvirus 3; BHV4, bovine herpesvirus 4.
Marmoset LCV U S : a putative latent origin of replication, Orip. EBV Orip is composed of two elements, a family of repeats (FR) composed of 20 imperfect monomers of 21 to 30 bp, each functionally representing an EBNA-1 binding site, and a dyad symmetry (DS) element consisting of four EBNA-1 binding sites located 987 bp downstream from the FR (Fig. 4A ) (46) . A similar combination of FR and DS elements is found in the rhesus and baboon LCV U S s, but the number of repeats in the FR and DS elements and the distance separating FR and DS elements are different, as shown in Fig. 4A (32) . Sequences similar to the consensus EBV EBNA-1 binding site (TAGC ATATGCTA) can be identified in the baboon and rhesus LCV FR and DS monomers (Fig. 4B and C) .
A putative marmoset LCV Orip was identified by a family of repeats at a similar location in the marmoset LCV U S . This putative FR element contained 33 repeats, but in contrast to the EBV FR, two different types of repeat (repeat A and repeat B) could be identified with no significant homology to each other (Fig. 4A) . The marmoset LCV FR was composed of 27 copies of a 16-to 24-bp repeat A monomer irregularly interspaced with six copies of a 31-bp repeat B monomer. The core sequence of the repeat A and B monomers showed no obvious resemblance to the human, rhesus, or baboon LCV EBNA-1 binding sites (Fig. 4B) . This is somewhat surprising because the EBNA-1 homologues are the most well conserved , and Kaposi's sarcoma-associated herpesvirus K15 putative secondary structures. Predicted transmembrane domains are shown with shaded boxes. Tyrosine residues predicted to be phosphorylated in SH2 and immunoreceptor tyrosine-based activation motifs are boxed and identified as SH2 and ITAM, respectively. Other tyrosine residues not predicted to be phosphorylated are identified as Y.
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on October 1, 2017 by guest http://jvi.asm.org/ of the latent infection genes in rhesus, baboon, and marmoset LCVs (46%, 44%, and 36% amino acid homology to EBV EBNA-1, respectively). No equivalent to the DS element could be identified downstream of the marmoset LCV FR with the consensus sequence of either the EBNA-1 binding site or the marmoset LCV repeat A or B monomers. Whether this region represents a functional Orip important for episomal maintenance and initiating DNA replication during marmoset LCV latent infection remains to be determined. Analysis of the marmoset LCV U S sequence also showed that this repeat region was totally encompassed by an ORF, C6, which had no homology to other cell or viral genes. There was no ORF across the Orip region in the EBV or rhesus LCV genome; however, ORFs encompassing the lytic origin of replication, Orilyt, were present in the EBV, rhesus, and marmoset LCV genomes.
Marmoset LCV U S : absence of vIL-10 and EBER homologues. The BCRF1 ORF in the EBV U S had 84% amino acid homology and biological properties similar to those of the cellular interleukin-10 (cIL-10) and is referred to as viral IL-10 (vIL-10) (23, 64) . A vIL-10 homologue is conserved in the rhesus LCV at the same location relative to the EBV genome, with 84% homology to EBV vIL-10 (48). In contrast, there was no ORF at the same position in the marmoset LCV genome, i.e., between the putative Orip and IR1. In addition, no ORF could be identified with homology to EBV, rhesus LCV, or cellular IL-10 anywhere in the marmoset LCV genome. Thus, the absence of an IL-10 homologue in this New World LCV and the high homology between vIL-10 and cIL-10 suggests that LCVs may have acquired the IL-10 homologue from the cell genome at some point after the evolution of the marmoset LCV.
Similarly, there were no sequence homologues for the EBV EBERs in the marmoset LCV U S . The baboon and rhesus LCV EBERs showed moderate sequence homology to EBV EBERs (40 to 70% nucleotide homology), and there are portions of nucleotide sequence that have been strongly conserved among human, baboon, and rhesus LCV EBERs corresponding to potentially important secondary stem-loop structures (22, 45) . Searches with these consensus EBER nucleotide sequences against the complete marmoset LCV sequence also failed to detect any homologous sequences.
In order to test whether the marmoset LCV might express similar small, abundant RNAs from the U S with no significant sequence homology to the EBV, rhesus LCV, or baboon LCV EBERs, RNA from marmoset LCV-infected cells was hybridized with a cosmid DNA probe containing the complete marmoset LCV U S (Fig. 5, lower right panel) . Several larger RNA species consistent with lytic infection transcripts were detected, but no small transcripts (Ͻ1 kb) were detected. As a control, RNA from rhesus LCV-infected cells was hybridized with a similar-sized cosmid DNA probe containing the rhesus LCV U S . Again, several RNA transcripts greater than 1 kb in size were identified, but in addition, small (ϳ0.3 kb) RNA transcripts were easily detected (Fig. 5, lower left panel) . These were confirmed to be the rhesus LCV EBERs by hybridization with a more specific DNA probe (data not shown).
To test whether an EBER equivalent might be expressed from other regions of the marmoset LCV genome, total RNA was hybridized individually with four overlapping DNA probes covering the remainder of the marmoset LCV genome. However, there was no evidence for any small, abundant RNAs expressed in marmoset LCV-infected cells (data not shown). Thus, by both sequence and Northern blot analysis, there did not appear to be EBER homologues present in the marmoset LCV, suggesting that these EBV genes were also acquired later in LCV evolution.
Marmoset LCV IR1: C0, a leader sequence for transcripts derived by extensive splicing through the major internal repeat. EBV and rhesus LCV show a similar transcriptional pattern for the latent-infection EBNA genes, with a common promoter for all EBNA transcripts in the U S or IR1 (16, 40, 54, 57) . Since there were no obvious promoter elements immediately upstream of the marmoset LCV C5, C3, and ORF39 genes, i.e., the EBNA-2, EBNA-3, and EBNA-1 positional homologues, we asked whether these marmoset LCV transcripts might also show a common upstream promoter and be derived by alternative splicing.
5ЈRACE was performed with a primer at nucleotide 77 of C5. Ten independent RACE clones were sequenced, and all demonstrated a highly spliced 5Ј leader sequence reminiscent of the EBV and rhesus LCV EBNA-LP mRNAs present in all EBNA transcripts (40, 54) . The marmoset LCV leader sequence included (i) 144 nucleotides immediately upstream of the C5 translational initiation codon (identified as exon E4 [E4]), (ii) two unique exons adjacent to IR1 (E2 and E3, analogous to the EBV EBNA-LP Y1 and Y2 exons, respectively), and (iii) repetitive elements derived by alternating exons spliced from sequential repeats within IR1 (E1b and E1a, analogous to the EBV EBNA-LP W1 and W2 exons, respectively) (Fig. 2 and 6 ).
The longest 5Ј RACE products contained four pairs of E1 exons, suggesting that the promoter for C5 was further upstream in the U S or IR1, as for human and Old World LCVs. The leader sequence contained a large open reading frame (Fig. 2) , and it remains to be determined whether the 5Ј end of the leader sequence contains a codon capable of initiating translation of a protein product similar to EBNA-LP. This putative open reading frame had no sequence homology to EBNA-LP but was predicted to encode a nuclear protein highly phosphorylated on serine residues (Fig. 2) like EBNA-LP (68) . Due to these extensive similarities, this putative EBNA-LP homologue was referred to as C0.
To determine whether the C0 leader sequence is shared by other putative marmoset LCV latent infection genes, RT-PCR of marmoset LCV-infected cell RNA was performed with a C0-specific primer in exon E3 combined with a C3-or ORF39-specific primer. Gel electrophoresis of C0-C3 and C0-ORF39 RT-PCR amplifications revealed two products from each reaction, differing by approximately 150 bp (Fig. 6) . Sequencing of multiple clones for each of the C3 and ORF39 RT-PCR products revealed a similar leader sequence containing the unique C0 exons E3 and E4, spliced either directly to the C3 or ORF39 ORF or to an intermediate fifth exon consisting of 170 nucleotides located approximately 20 kb downstream of C0. This fifth exon (E5) was similar in location to the EBV Bam U exon present in the EBNA-1, -3A, -3B, and -3C transcripts from EBV and rhesus LCV (3, 53) . Thus, a common leader sequence for latent infection transcripts, the use of a common latent infection promoter in U S and IR1, and the use of very similar splicing patterns to generate latent infection transcripts are strongly conserved in all LCVs.
Overview of complete marmoset LCV genome nucleotide sequence. The marmoset LCV genome sequence is now complete and provides a prototype sequence for New World LCVs. The genome sequence is 161,345 bp long, based on 7.5 copies of the 2,912-bp major IR and 35 copies of a GC-rich (75%), 328-bp terminal repeat. Overall, the marmoset LCV genome has a 50% GC content. Due to the order in which the marmoset LCV genome was cloned and sequenced, the complete marmoset LCV nucleotide sequence in the GenBank database is numbered in the opposite orientation relative to the EBV and rhesus LCV nucleotide coordinates (Fig. 7A) (6) .
Whereas the rhesus LCV genome is predicted to have the same repertoire of ORFs as EBV (48) , the marmoset LCV is significantly different from EBV. There are 73 predicted ORFs; 59 of these ORFs are homologous to genes found in all herpesviruses and most likely play a role in lytic viral infection (Fig. 7B, ORFs with bold outline) . Six additional genes are homologous to genes present only in herpesviruses belonging to the LCV genus; ORFs 1, 6, 39, 43, 44, and 45 are homologous to EBV BALF1, BILF1, EBNA-1, BZLF1, BZLF2, and gp350, respectively. Overall, these 65 ORFs have 47% amino acid homology to EBV ORFs. In comparison, the rhesus LCV, MARMOSET LCV GENOMIC SEQUENCE 12063 a prototype for the Old World LCVs, has 75% overall amino acid homology to EBV (48). Eight putative marmoset LCV genes have no amino acid sequence homology to known cell or viral genes and are identified as C0 through C7 (Fig. 7C) . Five of these genes, C0, C1, C3, C5, and C7, are positional homologues for EBV latent infection genes EBNA-LP, LMP1, EBNA-3, EBNA-2, and LMP2, respectively, and are presumed to be marmoset LCV latent infection genes. Marmoset LCV C2 and C4 are positional homologues of, but have no sequence homology to, the EBV BILF2 and BHLF1, respectively. Marmoset LCV C6 is a putative ORF encoded across the Orip homologue in U S , and there is no homologue present in either EBV or rhesus LCV.
Eleven genes found in EBV and rhesus LCV are not present in the marmoset LCV. These include the latent infection genes EBER and BARF0, the putative immunomodulators BCRF1 and BARF1, homologues to the cellular genes IL-10 and CSF1-R, respectively, the glycoprotein BDLF3, which is the most divergent glycoprotein in the Old World LCVs (48) , and other lytic genes whose contribution to EBV infection remains unclear (BLLF2, LF3, ECRF4, and BNLF2A/B).
DISCUSSION
Complete genome sequences of three different members of the LCV genus have now been determined, and these include LCVs infecting humans (EBV) (2), Old World primates (rhesus LCV) (48) , and New World primates (LCV) (this report). In terms of the host, the Old and New World primates evolved approximately 25 million and 35 million years before humans, respectively (20, 59) . If one takes the traditional approach of analyzing the nucleotide or amino acid homology for a given gene in EBV, rhesus LCV, and marmoset LCV, the homology will generally reflect this temporal relationship. For example, the overall amino acid homology of all ORFs in rhesus LCV is 75% with EBV ORFs (48) , and the marmoset LCV ORFs are more distant, with only 43% amino acid homology to EBV ORFs. Buried in this type of analysis is consideration for the background from which a given gene has evolved. For example, the DNA polymerase is strongly conserved in the rhesus and marmoset LCVs (94.8% and 73.5% amino acid homology to EBV, respectively), as might be expected since all herpesviruses replicate by a similar mechanism (reviewed in reference 52). The DNA polymerase is probably one of the oldest herpesvirus genes, so that the optimal fit at each peptide position has probably been achieved and there is little selective pressure for different amino acid substitutions. On the other hand, genes found only in herpesviruses of the LCV genus are likely to be younger genes and generally have less amino acid homology.
The LMP1 homologues from EBV, rhesus LCV, and marmoset LCV are the LCV-specific genes that have been studied in greatest detail to date. Marmoset LCV C1 is a positional and functional homologue of EBV LMP1 but has no significant sequence homology to its EBV counterpart (6) . The rhesus LCV LMP1 has 32.4% overall amino acid homology to EBV LMP1, but virtually all of this homology is a result of the hydrophobic residues in the transmembrane domains (13) . Despite this dramatic sequence divergence, the marmoset LCV C1, rhesus LCV LMP1, and EBV LMP1 all have similar secondary structures and similar functional mechanisms, i.e., interaction with tumor necrosis factor receptor-associated factors (TRAF) to activate NF-B (6, 13). The common secondary structure, i.e., short amino terminus, six hydrophobic transmembrane domains, and large carboxy terminus containing multiple TRAF interaction domains, suggests that the LMP1 homologues all evolved from some common progenitor. However, since these are relatively new genes, there has not been sufficient time for an optimal fit of amino acid residues to be achieved and for an optimized LMP1 sequence to be passed on to all primate LCVs, as for the DNA polymerase.
Biological pressures for membrane association and NF-B activation were probably the most stringent requirements for LMP1 homologues, and this is reflected in the high amino acid sequence homology of the transmembrane domains and TRAF interaction domains. There is less selective pressure on the intervening portions of the LMP1 homologues, resulting in a wider variety of acceptable sequences and thus more sequence divergence. One cannot determine from these types of data whether the DNA mutation rate during viral replication is any different between genes such as the DNA polymerase and the LMP1 homologues, but the lack of an optimal fit for the newer LMP1 homologues suggests that the chance of any single base change's being tolerated and perpetuated is higher for the LMP1 homologues than forthe DNA polymerase homologues.
Another approach to comparative genetic analysis of the LCV genomes is to examine the genetic repertoire of the viruses as they have evolved. This approach may be more fruitful for linking viral genetics to viral pathogenesis. Genetic analyses in tissue culture systems have been very effective for defining viral genes essential for in vitro lytic infection replication and for LCV-induced B-cell transformation (reviewed in reference 28). However, after these studies, we are still left with 30 to 40% of the viral gene repertoire with no obvious role defined by in vitro systems, and one presumes that nonessential genes must be important for viral pathogenesis in vivo. The identical gene repertoires of the rhesus LCV and EBV are therefore extremely valuable because this provides an experimental animal model system in which the in vivo role in viral pathogenesis of these nonessential viral genes can be studied (48) . The different genetic repertoire of the marmoset LCV provides insight into LCV evolution by differentiating those viral genes that were present in the earliest LCVs versus those that were acquired later in LCV evolution.
With the marmoset LCV as a defining point, we can now propose three evolutionary classes of LCV genes ( Table 2 ). (i) Universal herpesvirus genes, common to all herpesviruses, including genes important for viral replication and viral structure. These represent the vast majority of genes in any given LCV (68 to 80%) and are generally the most well conserved through LCV evolution (49% to 83% amino acid homology for marmoset LCV and rhesus LCV genes, respectively, compared with the EBV genes). (ii) Ancestral LCV-specific genes that are specific to the LCV genus, i.e., not found in other herpesviruses and present in New World LCVs, the earliest LCV known to date. (iii) Acquired LCV-specific genes that have evolved later in the LCV genus and are present in the Old World and human LCVs but absent from the New World LCVs. The ancestral LCV-specific genes can be further divided into two groups, conserved genes, i.e., those with amino acid homology to EBV, and divergent genes, i.e., genes that are positional homologues to EBV genes but show no significant homology to these genes.
The ancestral LCV-specific genes are by definition present in all LCVs. Therefore, it is not surprising to find viral genes involved in intrinsic LCV properties such as B-cell tropism, B-cell transformation, and the ability to reactivate in B cells. As shown in Table 2 , this group includes two viral glycoproteins, BLLF1-gp350 and BZLF2-gp42, that are important for (11, 19, 26, 27, 30, 34, 63) , are present in all LCVs (reviewed in reference 66), and the transcriptional organization and complex splicing patterns required for expression of the latent infection nuclear proteins also appear to be an early evolutionary event for LCV. BZLF1, the lytic transactivator sufficient to induce the transition from latency to lytic infection (18) , is also present in all three LCVs. Two bcl2 homologues captured by LCV (BHRF1 and BALF1), two other glycoproteins (BILF1-gp64 and BILF2-gp78), and three genes (LF1, LF2, and BHLF1) with no known function are also present in this group. Discovery of other LCVs may result in refinement of this list, but conceptually the repertoire of genes included in this ancestral group is consistent with biological properties that may be expected for a progenitor of the LCV genus. The acquired LCV-specific genes are by definition present in Old World LCVs but absent from the New World LCVs. Most of these genes, namely BCRF1, BARF1, BDLF3, EBERs, BARF0, and LF3, have been shown to be nonessential for EBV replication and B-cell growth transformation in vitro (4, 10, 39, 51, 60, 61) . These nonessential genes might be beneficial to LCV infection in vivo by facilitating either the invasion of the host during acute infection, the evasion of the host immune response during persistent infection, or the reactivation of viral infection to produce infectious progeny capable of infecting additional hosts. Two of the acquired LCV-specific genes are cellular homologues with immunomodulatory properties, BCRF1 (vIL-10) and BARF1 (CSF-1R). vIL-10 is thought to indirectly inhibit the initial natural killer (NK) and T-cell cytotoxic response to EBV infection via its negative effect on macrophages and dendritic cells (36) . BARF1 inhibits CSF-1-induced gamma interferon (IFN-␥) release by activated monocytes in vitro and therefore might play a role in evading an early host response to EBV infection (10) .
In addition to these two immunomodulators, the EBV-encoded RNAs, or EBERs, can inhibit protein kinase R activity in vitro and may be an important immunomodulator in vivo by inhibiting the negative effect of IFN-␥ on viral protein synthesis (55) . Another acquired gene, BDLF3, encodes a glycoprotein that has no effect on B-cell infection but may detrimentally affect the ability of EBV to infect epithelial cells (4) . The duplication of the EBNA-3 genes also appears to be an acquired event in LCV evolution, as originally suggested by the remote sequence similarity and exon-intron structure of EBNA-3A, -3B, and -3C (21, 24, 41, 42) . It remains to be determined whether the marmoset LCV gene C3 is functionally similar to the EBNA-3s by interacting with CBF-1/RBP-J and modulating CBF-1-mediated EBNA-2 transcriptional transactivation (25, 50, 65) . It is interesting that another acquired gene, BARF0, and other potential ORFs in the BamHI rightward transcripts have recently been reported to interact with NOTCH4 and CBF-1 (29, 56) , suggesting an increasing importance for regulating CBF-1-dependent transcription during LCV evolution.
The acquisition of these additional accessory genes by Old World LCVs might be a consequence of coevolution with the host. LCV may have acquired these additional accessory genes in response to host evolution in order to maintain its biological phenotype. Alternatively, the acquisition of these accessory genes by Old World LCVs and EBV may have been the initial driving event resulting in some new or modified biological properties not present in the New World LCVs. Testing this hypothesis will require more careful study of marmoset LCV infection and comparison with EBV and Old World LCV. For example, preliminary analyses with LCV-specific serological assays showed a much lower prevalence of marmoset LCV infection (40 to 60%) than rhesus LCV infection (95%) in captive colonies (C. Quink, A. Carville, and F. Wang, unpublished data). Whether this represents a fundamental difference in the biological behavior of marmoset LCV versus rhesus LCV or a consequence of domestic housing and breeding remains to be determined.
The origin of LCV remains a mystery. The rhadinoviruses are the most closely related herpesviruses biologically and genetically (for a review, see reference 37), and the rhadinoviruses have a much broader host range, suggesting that they are much older than LCVs. Thus, it is not unreasonable to hypothesize that LCV may have evolved from a branch of the rhadinoviruses. The genomes are similar in organization, so that the universal herpesvirus genes are typically encoded in the same colinear order and in blocks arising at similar locations throughout the LCV and rhadinovirus genomes (1). The LCVand rhadinovirus-specific genes are also interspersed in the genomes within divergent blocks that arise at similar relative locations in the LCV and rhadinovirus genomes.
The marmoset LCV C7 may provide more specific evidence for a transition from rhadinoviruses to LCV. C7 is more similar to Kaposi's sarcoma-associated herpesvirus K15 by the presence of phosphotyrosine residues in the larger carboxy terminus, versus the amino terminus of EBV LMP2A (8, 17) . However, C7 is more like the EBV LMP2, with transcription across the terminal repeats. The location of the 5Ј-most C7 exon within a C1 intron is an intermediate position between the LMP2A and LMP2B first exons, suggesting an ongoing evolutionary process at this locus. More definitive linkage between the rhadinovirus and LCV genera may require identification of earlier ancestors in the LCV genus potentially infecting other primates or mammals.
